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A SUPERSONIC AREA RULE ANI) AI? APPLICATION 
DESIGN OF A WING-BODY COMBINATION 
HAVEIG HZGH LIFT-TO-DRAG RATIOS 
By Richard T. Whitcomb and Thomas L. F i sche t t i  
As an extension of the transonic area rule ,  a concept fo r  i n t e r -  
r e l a t ing  the wave drags of wing-body corribinations a t  moderate supersonic 
speeds with axial dis t r ibut ions of cross-sectional area has been developed. 
The wave" W a f  a combination a% a given supersonic speed is re la ted  t o  
a number of dis t r ibut ions of cross-sectional areas as intersected by %ch 
planes. 
s t ruc tura l ly  feasible,  swept-wing-indented-body combination has been 
designed t o  have s ignif icant ly  improved naxirlntrn lift-to-drag r a t i o s  over 
a range of transonic and moderate supersonic Mach numbers. 
the conbination has been designed t o  have reduced drag associated with 
l i f t  and, when used with an indented body, t o  have v e q  low form wave 
drag. Limited, p r e l M n a r y  experimental resu l t s  have been obtained f o r  
t h i s  configuration a t  Mach numbers up t o  1.15. A maxi=nun l i f t - to-drag 
r a t i o  of approx-imately 14 was measured a t  a Mach nlLmber of 1.15. 
.. i 
1 On the  basis of t h i s  concept and other design procedures, a 
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The wing of 
INTRODUCTION 
1 It was shown i n  reference 1 that near the speed of sound, t he  zero- 
l i f t  drag rise f o r  a t h i n  low-aspect-ratio wing-body combination is 
primarily dependent on the  axial dis t r ibut ion of cross-section area nor- 
m a l  t o  t h e  airstream. Also,  it was found that contouring the  bodies of 
wing-body combinations t o  obtain improved axial dis t r ibut ions of cross- 
sect ional  area f o r  the combinations resul ts  i n  substant ia l  reductions 
i n  the drag-rise increments at  transonic speeds. 
I 
More recently, by considering the physical nature of t he  flow a t  
moderate supersonic speeds, a concept has been developed which should 
interrelate-  qual i ta t ively the zero-lif t  wave drag 
t ions a t  these speeds w i t h  ax i a l  distributions of 
of wing-body combina- I 
cross-sectional areas. I 
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1.. Although, a t  the present t i m e ,  experimental r e su l t s  have been 
obtained for  t h i s  wing-body configuration for  only the  lower portion of 
design speed range (Mach numbers up t o  1.15) , the  favorable nature of 
these limited results bas j u s t i f i ed  the publication of t h i s  information, 
together with the development of the supersonic area ru le  and the con- 
siderations involved i n  the design, before experimental r e su l t s  f o r  the 
complete design speed range have been obtained. 
CONCEPT FOR INTERRELATING WAVE DRAG WITB AREA 
DISTRIBVTIONS AT SUPERSONIC SPEEDS 
Bas is of Concept 
The m j o r  par t  of the supersonic wave drag f o r  a wing-body com- 
bination resu l t s  from losses associated with shocks a t  considerable 
distances from the configuration. Thus, the wave drag may be esti- 
mated by considering t h e  stsresm distmbances produced by a configura- 
t ion  a t  these distances. A t  moderate supersonic s p e e b ,  these disturb- 
arices may be considered i n  individual stream tubes, such as A i n  
figure 1. If mall induced velocit ies a re  assumed, the  e f fec ts  of 
changes i n  the configuration arr ive a t  points on this  tube along Mach 
lines which l i e  on cone segments, such as B. For reasonable distances 
from the configuration, roughly 2 spans o r  greater,  and normal, rela- 
t i ve ly  low-aspect-ratio w i n g s ,  the surface of these cone segments i n  
the region of the configuration may be assumed t o  be the Mach planes, 
such as 
axis of symmetry. 
C, tangent t o  the cone segments between the tube A and the 
Consideration of the  propagation of the loca l  e f fec ts  of t he  con- 
f igurat ion indicates that the  variations i n  the disturbances a t  the 
stream tube A generally may be assumed t o  be approximately propor- 
t i ona l  t o  s t r e w i s e  changes in  the normal components of the t o t a l  
areas of the cross sections,  such as DD, intersected by these Mach 
planes. It follows tha t  the wave losses i n  the  stream tube are func- 
t ions of the axial dis t r ibut ion of these cross-sectional areas. 
Obviously, the losses in  the s e t  of stream tubes along a given r ad ia l  
sector a re  functions of one axial dis t r ibut ion of cross-sectional area 
while those i n  tubes i n  circumferentially displaced sectors =e func- 
t ions of various distrLbuti0r-s determined by sets of Mach planes with 
axes of tilt rotated about the axis of symmetry. Except fo r  the 
0. 0.. . 0 . 0. 0. . 0.0 . 0.. 0.  
..I. 0 . 0  ..I. . 0 .  0 .  0 .  
NACA l-.. y, Z 
.... 
e 
a. 
. 
subst i tut ion of 
l a r i t i e s ,  these 
sented by %yes 
Procedure for  Determining Area Distributions 
It follows from the foregoing considerations that the zero- l i f t  
wave drag f o r  a wing-body combination a t  a given moderate supersonic 
Mach number is related t o  a number of dis t r ibut ions of the normal com- 
ponents of cross-sectional areas as intersected by Mach planes which a re  
inclined t o  the stream at  the Mach angle m ( f i g .  2 ) .  The various dis-  
t r ibut ions are obtained with the axis of tilt of these Mach planes 
ro l led  t o  various positions around the center l i n e  of the zonfiguration. 
This procedure is i l l u s t r a t ed  i n  figure 2. 
of t h e  axis of tilt of the Mach plane is maintained and the configuration 
is rol led.  For configurations symmetrical about horizontal and ve r t i ca l  
planes, the area dis t r ibut ions are  determined f o r  various r o l l  angles 8 
from 00 t o  90°. 
average of functions of a number o f  area dis t r ibut ions s o  determined. 
ure 2 with the two representative roll angles are presented at the bottom 
of the figure. As indicated by these curves, the vaxious dis t r ibut ions 
f o r  a given Mach number m y  differ considerably. The p a r t i a l  end-plate 
e f fec t  of the body on the  f i e l d  of the wing af fec ts  t.he appl icabi l i ty  of 
t h i s  simplified concept. For most practical  co&inatims, this ef fec t  
shauld be of secondary importance. Obviously t h i s  relationship reduces 
t o  the transonic area ru le  a t  a Mach xmber of 1.0. 
For c l a r i t y ,  the  posit ion 
The approximate wave drag f o r  the combination is an 
The area dist r ibut ions obtained for  the configuration shown i n  f ig -  
This relationship is basical ly  the sane as those arrived a t  recently 
by R .  T. Jones of the NACA, Ames Laboratory, (unpublished) and G. C .  
Grogan, Jr . , of Consolidated Vultee Aircraft  Corporation (unpublished) 
on the basis of the considerations of Hayes. 
Application t o  the Reduction of Wave Drag 
On the basis of t h i s  concept, the  approximately minimum wave drag 
f o r  a wing-body combination a t  a given supersonic speed would be obtained 
by shaping the b d y  so that the various area dis t r ibut ions f o r  t h i s  speed 
are  the same as those f o r  bodies of revolution with low wave drag. For 
most configurations somewhat nore sat isfactory dis t r ibut ions can be 
obtained by shaping the body noncircularly ra ther  than ax ia l ly  symmetri- 
cally.  Obviously, the body contours used should not  be such as t o  cause 
severe loca l  velocity gradients or  boundary-layer separation. I n  general, 
fo r  combinations of pract ical  wings w i t h  bodies w i t h  su f f i c i en t ly  conserva- 
t i v e  contours, the  area dist r ibut ions f o r  the various values of 8 w i l l  
deviate from the most desirable shapes. The poss ib i l i t i e s  of improving 
the various area dis t r ibut ions a t  and o f f  the  design conditions through the 
use of body indentation a re  strorigly dependent on the geometry of the w i n g .  
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The wing of the  combination has been designed t o  have reduced drag 
associated w i t h  l i f t  and, when used with an indented body, t o  have very 
low form wave drag, on the basis  of the concept described i n  the pre- 
numbers. I n  par t icular ,  the parameters of the w i n g  generally have been 
selected so that it is  possible t o  obtain w i t h  a given body indentation 
r e l a t ive ly  smooth area dis t r ibut ions f o r  the various values of 
1.0: 
I ceding section, f o r  a range of transonic and moderate supersonic Mach 
I 
8 
I ( f ig .  2) a t  the Mach numbers under consideration. 
Description of Configuration 
; -  
The configuration is  shown i n  figure 3 .  The w i n g  has 600 of sweep, 
an aspect r a t i o  of 4, and a taper ra t io  of 0.333 and i s  cambered and 
twisted. 
ness r a t i o  from I 2  percent a t  the root t o  6 percent a t  50 percent semi- 
span and then remains constant at 6 percent t o  the t i p  as shown i n  fig- 
ure 4. 
It has NACA 64-series a i r f o i l  sections which vary i n  thick- 
The ordinates of the  wing sections are l i s t e d  i n  tab le  I. 
The body shape used as a basis  f o r  the design of the  indented con- 
f igurat ion discussed herein is that for the  body described i n  reference 3. 
The bodjj has been indented ax ia l ly  synmetrically t o  obtain r e l a t ive ly  
smooth area dis t r ibxt ions a t  a &ch m&er of 1.4 ( f ig .  5) .  The ordinates 
for  the body are l i s t e d  i n  tab le  11. 
two-thirds power t o  the w i n g  area for  t h i s  combimtion is the  same as that 
fo r  the configcsation of reference 3 .  
respect to the reference plane of the  wing ( f ig .  4) .  
The r a t i o  of the body volume t o  the  
The body incidence is 5 O  w i t h  
Considerations Involved i n  Design 
W i n g  sweep.-  A comparison of the area dis t r ibut ions f o r  moderate 
supersonic speeds f o r  various wing  plan forms i n  combination with indented 
bodies has indicated that the use of body indentation results i n  the 
greatest  r e l a t ive  improvements i n  the area dis t r ibut ions fo r  the  various 
values of 8 ( f ig .  2) a t  and off t he  given design Mach nunibers when the  
wing leading and trailing edges are swept behind the Mach l ines .  Also, 
the experimentai resu l t s  obtained thus far have indicated that the ac tua l  
e f fec ts  of indentation on drag approach the estimated e f fec ts  most closely 
fo r  such conditions ( r e f .  1, f o r  example). 
r a t io s  which become s t ruc tura l ly  feasible because of the thicker wing 
sections allowed through the use of body indentation, swept w i n g s  with 
the leading and t r s i l i n g  edges swept behind the Mach l ines  have the 
lowest drags associated with l i f t  (ref.  4) .  
With the higher wing aspect 
With the 60° of sweep 
5 
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experimental results (ref. 5 )  have indicated t h a t ,  generally, the  effec- 
tiveness of a body indentation i n  reducing wave drag a t  and off  design 
Mach numbers and at l i f t ing  conditions is considerably greater f o r  a 
w i n g  with section thickness r a t io s  t h a t  decrease from root  t o  t i p  than 
f o r  one with a uniform thickness r a t io  equal t o  the mean value f o r  the  
tapered-thickness w i n g .  The estimated var ia t ion of supersonic wave drag 
with change i n  wing thickness r a t i o  a t  a given Mach number f o r  w i n g s  
with bodies indented t o  obtain the smoothest area dis t r ibut ions f o r  each 
combination is generally less pronounced than that for the  same wings 
in combination with an windented body. It follows that the most satis- 
factory compromise inboard section thickness r a t io s  should be consid- 
erably higher for  indented configurations than f o r  normal combinations. 
However, because of the l imitations to  the magnitude of feas ib le  inden- 
ta t ions ,  as discussed previously, body indentation obviously cannot be 
used t o  reduce the  drag increments of indefini te  increases i n  wing thick- 
ness ra t ios .  
I. e. .I I O .  I . I O  I. I I 0 e. 0. 
Wing section thickness r a t io s  .- Analysis of area dis t r ibut ions and 
. 
W i n g  aspect r a t i o  and s t ructural  characterist ics.-  W i t f i  t he  wing 
swept behlnd the Mach l ine,  the  drag due t o  1-ift is reduced by increasing 
the aspect r a t i o  (refs. 4 and 5 ) .  
sections allowed with body indentation, compromise aspect r a t i o s  sig- 
n i f ican t ly  higher than those previously used f o r  prac t ica l  configurations 
can now be considered. 
configuration proposed herein appears t o  be s t ruc tura l ly  feasible .  
the usual type of wing construction, the deflection of the  wing of t h i s  
configuration under a given load at the 70-percent-semispan s t a t ion  would 
be roughly the  same as that f o r  boniber configurations considered feasible  
by designers and approximately h a l f  that f o r  the highly swept wing dis-  
cussed i n  reference 3 .  
- Because of the r e l a t ive ly  thick wing 
A n  actual  wing of the  r e l a t ive ly  high aspect r a t i o  
With 
Body contours and area distributions.- With the  body indentation 
used, t he  axial d is t r ibu t ion  of cross-sectional area f o r  the combination 
fo r  the median value of 8 
( f i g .  5 )  is approximately the same as that f o r  the  body used as a basis  
f o r  the design. A t  the  extreme values of 8 (0' and W0) the  d i s t r i -  
butions d i f f e r  somewhat from those for the basic  body; however, the 
estimated drag increment f o r  the  combination associated with such varia- 
t ions i n  the area dis t r ibut ions is negligible. The area dis t r ibut ions 
for  Mach ntrmbers between 1.0 and 1 .6  are a l l  re la t ive ly  smooth. Those 
obtained a t  m = 1.0 are shown i n  figure 5.  A t  Mach numbers greater  
than 1.6, the  dis t r ibut ions become relat ively irregular. 
(450) a t  the design Mach number of 1.4 
0 0  0.0 0 0 0 0 0  0 0  0 0.e 0 00 .  0 0  ... 0 . 0  0-• . a .  - I  
0.00 
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The area d i s t ~ t b u ~ ~ 4 P s o g b 4 ~ ~ e e d o S o ~ . t h i ?  p g b k p i i t n  a t  Mach numbers 
up t o  1.6 are conSiaerB$Q S @ o ~ ~ r , t h a & $ h o q e  o&tmtd:for the same 
conditions fo r  unsQ8p%~'&dePatel' s9&pt? &TU bE!lW.Willgs w i t h  approxi- 
mately the same aspect r a t i o  and mean section thickness r a t io s  i n  com- 
bination with indented bodies. A s  examples of such dis t r ibut ions,  those 
obtained f o r  a 45O swept wing with an aspect r a t i o  of 4, a taper  r a t i o  
of 0.3, and NACA 65Aoo6 a i r f o i l  sections i n  combination with a body 
indented ax ia l ly  symmetrically t o  improve the area dis t r ibut ions f o r  a 
Mach number of 1.4 are presented i n  f i v e  6. 
Wing t w i s t  and camber.- Recent unpublished r e su l t s  obtained a t  low 
supersonic speeds indicate that the  favorable e f fec ts  of t w i s t  and camber 
on the l if t- to-drag r a t io s  can be added t o  those of body indentation. 
The basis f o r  the t w i s t  and camber used is the mean surface form theo- 
r e t i c a l l y  required for  a uniform load at a l i f t  coefficient of 0.25 a t  
a Mach number of 1.4 ( r e f .  4 ) .  This theore t ica l  form has been modified 
by reducing the camber and t w i s t  near the wing-body juncture (see f i g .  4 ) .  
An analysis of the e f fec ts  of the body on the induced f i e l d  due t o  l i f t  
a t  supersonic speeds has indicated t h a t  such a modification should 
improve the drag associated with the l i f t  produced by camber and t w i s t .  
Apparatus and Methods 
Preliminary resu l t s  fo r  the  configuration described in  the preceding 
section were obtained i n  the Langley 8-foot transonic tunnel. 
w a s  t es ted  not only i n  combination with the body designed t o  obtain smooth 
area dis t r ibut ions a t  a Mach nuniber o f  1.4, but a l so  with the basic body 
and a body indented so that the axial  d i s t r ibu t ion  of cross-sectional 
area f o r  the combination f o r  a Mach nmiber of 1.0 i s  the same as t h a t  
f o r  the basic body alone. The axial dis t r ibut ions of cross-sectional 
area f o r  a lkch number of 1.0 fo r  these additional combinations are pre- 
sented i n  figure 7. The model dimensions are shown i n  f igure 3.  A l l  
data presented a re  essent ia l ly  f r e e  o f  the  e f fec ts  of wall-reflected dis- 
turbances. The maximum errors  of the drag coefficients at  transonic 
speeds a re  of the  order of iO.OOO5; those of the  l i f t  coefficients,  
i0.002. These limits include the effect  of possible errors  i n  the  meas-  
urements of angle of attack. The resul ts  have been adjusted t o  the con- 
d i t ion  of stream s t a t i c  pressure on the base of the  body. 
The wing 
Results and Discussion 
L i f t  and drag coefficients.- The variations of the angle of a t tack 
and drag coefficient with l i f t  coefficient fo r  the various test Mach 
numbers a re  presepta3,in f&we.8...!I!he coeff*iep&s s e  based on a wing 
area of one sqm+$f+ti 0 :  : .. :.: : 0. 0 0 .  0 . e o  0 . 0  0 . 0  
0 0 . 0  .. 0.0 0 0 .  0 .  0 . - e *  0. 0.. 0 0  
Lift-to-drag rat ios . -  The maxiinum l if t- to-drag r a t i o  f o r  t he  com- 
This value was  obtained at  
bination with the body indented for a Mach number of 1 .4  a t  the maximum 
test  Mach nunber of 1.15 is 14.3 (f ig .  9 ) .  
a l i f t  coefficient of 0.27. 
obtained f o r  the same combination a t  subsonic Mach numbers. The subsonic 
maximum lif t- tu-drag leve l  for  t h i s  configuration is approximately the 
same as the  highest values previously obtained a t  these speeds f o r  
s t ruc tura l ly  comparable wing-body combinations intended f o r  supersonic 
f l i g h t .  
The value is only 10 percent less than t h a t  
N e a r  a Mach number of 1.0, the l if t- to-drag ratics obtained f o r  the 
combination w i t h  the  body indented fo r  a Mach number of 1.4 are consid- 
erably l e s s  than those obtained for the combination w i t h  the  body 
indented fo r  a Mach number of 1.0 as indicated by the so l id  l i n e  in  
figure 9. An analysis of the area dis t r ibut ions f o r  t h i s  Mach number 
presented i n  figure 5 indicates that  only a small portion of t h i s  d i f -  
ference can be a t t r ibu ted  t o  the additional wave drag associated with 
the  less smooth area dis t r ibut ion for the &ch number 1.4 combination. 
The f a c t  that a similar difference w a s  a l so  obtained a t  subsonic k c h  
numbers suggests that it is due primarily t o  e f fec ts  of the var ia t ion 
of t h e  body on the boundary layer on the combination. 
A t  a k c h  mmber of L.15, the l if t- to-drag r a t io s  for the configu- 
r a t ion  indented f o r  a Mach number of 1.4 are approximately 50 percent 
greater  than those f o r  the basic-body combination. 
improvement would have been s l igh t ly  less if the s i ze  of the basic body 
had been decreased t o  have the same volume as that of the  indented body.) 
The values obtained fo r  the basic-body configuration are somewhat greater 
than those measured f o r  other s t ructural ly  feasible  unindented combina- 
t ions w i t h  moderately swept, unswept, and de l t a  wings ( r e f .  6, f o r  
example). A comparison of the d r a g  coefficients obtained fo r  two com- 
binations f o r  a l i f t  coefficient of 0.05 ( f ig .  10) indicates t ha t  t h i s  
improvement i n  l i f t - to-drag r a t i o  is due primarily t o  a s ignif icant  
reduction of the m i n i m  pressure drag. 
drag variations with Mach nufdber for various l i f t  coefficients f o r  the 
indented combination indicates that t h i s  improvement is also due i n  par t  
t o  an elimination of the additional pressure-drag rise with k c h  number 
a t  l i f t i n g  conditions. 
(The r e l a t ive  
However, a comparison of the  
The addition of a complete afterbody, t a i l  silrfaces, engine housing, 
canopy, and so fo r th  obviously will reduce the m a x i m  lif t- to-drag 
r a t io s  f o r  a complete configuation t o  values somewhat below those 
....ei ., 
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Figure 1.- Geometric re la t ions considered i n  developing area rule f o r  
supersonic speeds. 
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Figure 4.- Spanwise distributions of section thickness ratio, angle of 
twist, and maximum camber for  wing-body configuration. 
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Figure 5.- Representative axial dis t r ibut ions of cross-sectional area 
for wing i n  combination w i t h  body indented f o r  M = 1.4 at M = 1.4 
and 1.0. 
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Figure 6.- Representative axial dis t r ibut ions of cross-sectional area 
f o r  a 4 5 O  swept w i n g  i n  combination w i t h  a body indented for M = 1 .4  
a t  M = 1.4 and 1.0. 
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Figure 9.- Variation with Y'ach nmber of the maximum lift-to-drag r a t io s  
and the lift coefficients at  which these values were obtained. 
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I ABSTRACT 
A concept fo r  interrelat ing the wave d r a g s  of wing-body combina- 
t ions a t  supersonic speeds with axial  dis t r ibut ions of cross-sectional 
area is presented. 
on the  basis  of t h i s  concept t o  have s ignif icant ly  improved maximum 
lif t- to-drag r a t i o s  over a range of transonic and moderate supersonic 
speeds is described. 
f o r  t h i s  configuration a t  Mach numbers t o  1.15 are  presented. 
mum l if t- to-drag r a t i o  of approximately 14 w a s  obtained a t  a Mach nmiber 
of 1.15. 
A swept-wing-indented-body combination designed 
Limited preliminary experimental results obtained 
A maxi- 
